Abstract-The small time constants of power electronics devices lead to dynamic couplings with the electromagnetic transients of power networks, and thus complicate the modeling and stability analysis of power-electronics-based power systems. This paper presents a computationally efficient approach to assess the small-signal stability of inverter-fed power systems. The power system is partitioned into individual components, including the power inverters, network impedances, and power loads. The state-space model of individual inverter is first built, where the frequency response and eigenvalue analysis collectively characterize the contributions of different controller parameters to the terminal behavior in a wide frequency range. These component models, together with the network equations, are then algebraically assembled based on the interconnection relations at their terminals. As a consequence, the state matrix of the whole system, which is essential to the system stability analysis, can be reformulated in a computationally efficient way. The experimental results are finally given to validate the effectiveness of the modeling method and system stability analysis.
Index Terms-Stability, small-signal model, time delay, inverter-fed power system, component connection method. -instantaneous active and reactive power of ith inverter; P i , Q i -average active and reactive power of ith inverter; m pi , n qi -droop coefficient of ith DG unit.
NOMENCLATURE

I. INTRODUCTION
T HE GROWING penetration of the power electronicsinterfaced renewable energy sources has led to the emergence of power-electronic-based power systems into electrical grids, such as wind farms [1] , photovoltaic power plants [2] , and micro-grids [3] . Those systems are featured with the high efficiency and flexibility in electric power generation and distribution, but are also more susceptible to the network disturbances in a wide frequency range [4] . In inverter-fed power systems, a number of oscillation phenomena have been reported, which includes the low-frequency oscillations caused by the droop-enabled power control [5] , and grid synchronization control [6] . In addition, the harmonic-frequency oscillations from hundreds of hertz to several kilohertz may happen, which is caused by the interaction of the inner control loops as well as the inductive or capacitive behavior of inverters [7] . It is undoubtable that these oscillation phenomena will weaken the power quality and cause the instability of power system. The state-space approach, which was widely used for the power system stability analysis [8] , has been applied to address the instability of the inverter-fed power systems. However, most of the research works concentrated on the low-frequency oscillations associated with the power control loops, e.g., the droop-based power control [5] , and the constant power control of active loads [9] . The interaction of the inner current and voltage control loops were commonly neglected [5] . A full-order state-space model including the dynamics of the inner current and voltage loops was developed in [4] , where only the low-frequency oscillation modes were identified, and the effect of the digital control delay on the harmonic-frequency modes were overlooked. On the other hand, the incorporation of the delay effect and inner control loops significantly increases the order of the system state matrix. The order-reduced model based on the specific oscillation modes is then needed for the system with a large number of inverters [9] .
The impedance-based method is another stability analysis tool, which predicts the dynamic interactions of inverters based on the ratio of the inverter output impedance to the equivalent grid impedance seen by each inverter [9] , [10] . Differing from the state-space approach, the impedance-based analysis is a localized method, which assesses the system stability at the point of connection of each inverter [11] . However, the impedance model only characterizes the input-output relationship instead of the system internal states. It thus fails to perform the sensitivity analysis for identifying the participation of each state into the different oscillation modes.
To overcome the aforementioned drawbacks of the statespace modeling and the impedance-based analysis, this paper presents a system stability analysis based on the Component Connection Method (CCM). The CCM is basically a reformulation of the conventional state-space model according to terminal characteristic. It is a computationally-efficient method to implement system modeling [12] , [13] . In this approach, the power system is first partitioned into individual components which can be represented by diagonal matrices. These component models are then assembled together according to their interconnection relationships at the terminals, which are characterized by a linear algebra matrix. A sparse state matrix can thus be obtained for the composite system model. Hence, compared to the impedance-based method, the CCM keeps the advantage of the component-based modeling procedure, which is scalable for the system with a large number of inverters. It also inherits the participation analysis feature of the state-space approach.
The CCM-based stability analysis was earlier introduced for the large transmission grid with the Thyristorbased Static Var Compensator and High Voltage Direct Current systems [13] , [14] . The main contributions of this work are: (1) A computationally-efficient approach to the small-signal stability assessment of the inverter-fed power system. The rest of this paper is organized as follows. In Section II, the principle of CCM is described first. Then, the CCM-based modeling procedure is formulated in detail in Section III. This is followed by the system stability analysis in Section IV, where both the low-and high-frequency oscillation modes are identified. Subsequently, the experimental results are presented in Section V to confirm the effectiveness of the theoretical analysis. Finally, the conclusions are drawn in Section VI.
II. THE BASIC PRINCIPLE OF CCM
This section describes first the basic principle of Component-Connection Method (CCM). As shown in Fig. 1(a) , a general circuit diagram of an inverter-fed power system is given to illustrate the application of the CCM. In this work, the small-signal model of each inverter is independently built to characterize the terminal dynamic behavior of inverters, where the output currents of inverters and the voltages at the points of connection are interfacing variables to the network, and the modeling method can be used for the inverters with different control strategies, either voltage-mode or current-mode control. To address the oscillations in a wide frequency range, the multiple control loops including power control, voltage control, and current control are modeled in this work.
A. Component Connection Method (CCM)
In the procedure, each component is independently modeled. According to the principle of the CCM, the dynamic of the i-th component can be represented by the nonlinear differential equations given in [15] , which are given below
where x i , y i , u i denote the vectors of states, input, and output variables of the i-th component. The linearized state-space model of the i-th component can be derived as (3) and (4).
The sign ' ' in (3) and (4) is removed in the following equations. Then, all the linearized models are assembled together to form a composite system model by diagonal matrices as
where A, B, C, D are the diagonal matrices of the composite system, i.e.,
. . , y n ] T are the cascaded vectors of the states, input, and output variables of the components. As shown in Fig. 1 (b), the interconnection relationship among the components can be represented by the algebra equations given as (7) and (8) .
where u and y are input and output vectors of the components, a and b are the input and output vectors of the system.
are the component interconnection matrices. The desired state equation and output equation can be obtained by combining (5)- (6) and (7)- (8) as (9) and (10).
where
The system stability can thus be predicted based on the eigenvalues of the state matrix F. Hence, instead of directly linearizing the nonlinear state-space model of the whole system, the CCM allows independently modeling the input-output relationships of the components and their interconnected network, and assemble them together by means of a simple linear algebraic matrix. In this way, the formulation procedure of the system state matrix can be significantly simplified. Fig. 1 (b) depicts the application of the CCM in the studied power system, where the overall system is partitioned into DG inverters, power network and loads.
III. STEP-BY-STEP IMPLEMENTATION OF CCM-BASED MODELING This section presents the step-by-step implementation of the CCM for modeling the DG inverters and the exemplified system in Fig. 1(a) . The droop-based power controller achieves the power distribution among the paralleled inverters. The averaged active and reactive powers obtained from instantaneous power calculation block are viewed as the reference inputs of the droop controller. The voltage controller and current controller are adopted to perform voltage regulation of inverters. Small signal models of the droop controller, the voltage and current controllers have been well established in [3] and [4] . However, the effect of the time delay involved into the digital control implementation is often overlooked, which has recently been found to have an important impact on the high frequency oscillations [13] .
A. Component Modeling of Inverter
To reveal the effect of time delay, the time delay plant is modeled as (11) , which includes one sampling period of digital computational delay (T s ) and the zero-order hold effect of (PWM) (0.5T s ).
where V * i and V i are the demanded and output voltage of the inverter, respectively. τ = 1.5T s is the delay time. In this work, the third-order Pade approximation is used to approximate (11) for the better accuracy, which is given by
The small signal model of the time delay can be rewritten in a state-space form by (12) .
T are state variables of delay plant (13) , A del , B del , C del , D del are the parameter matrices of the delay plant. 
The power angle relationship contributes to power distribution among different DG units. The local frame of DG1 (dq1) is selected as common frame (DQ), and the dynamics of other DG inverters and power network are transferred into DQ frame. The angle dynamic of the i-th DG can be represented as.
And the state-space model of power angle can be given as.
The mathematical equation of droop controllers can be seen in Fig. 2 . The small signal model of the droop controller can be obtained by combining and linearizing power calculation block, low pass filter block and droop controller, which is given by (18) and (19) .
T is the vector of two state variables,
T is the vector of input variables,
is the vector of output variables, and A 1 , B 1 , C 1 , D 1 are parameter matrices of the power controller.
,
are the initial states of the output current and voltage of the i-th DG inverter. As shown in Fig. 2 , the control system of individual inverter is composed of droop-based power controller, current controller, voltage controller and Pulse Width Modulation (PWM). The voltage and current controller are performed by classical PI controller, which can be seen in [3] - [6] . Together with the small signal models of power angle relationship, power controller, voltage and current controller, LCL filter, and time delay, the component model of DG inverter is formulated as (20) and (21).
where 
. And output current of inverter (i odqi ) is selected as the component output (y i ) to connect power network. The terminal characteristic of inverter may be revealed by the closed-output admittance and closed-loop gain [10] , which can be derived by the ratio of output current to inverter input as (22). Note that if the bus voltage (V busi ) is selected as inverter input, the ratio of output to input is closed-loop output admittance. Alternatively, if the command current (i * odqi ) is selected as inverter input, the ratio of output to input is inverter closed-loop gain.
B. Terminal Dynamic Behavior of Inverter
The frequency response shows the impact of controller parameters on terminal dynamic behavior, and the eigenvalue trace commonly shows the different oscillation modes and damping characteristic. In this work, the merits of two domains are combined to provide comprehensive insights in a wide frequency range. The terminal characteristic of the inverter can be represented by output admittance in impedance model (22), which is able to directly reveal the contributions of different controller parameters in a wide frequency range. In this section, the impact of droop controller, voltage controller, current controller and time delay on terminal dynamic behavior is investigated.
(1) The impact of droop controller on terminal behavior. To reveal the impact of droop controller on terminal dynamic behavior, the frequency response and eigenvalue trace of inverter is given in Fig. 3 , which shows the terminal dynamic characteristic of individual inverter as the increase of reactive power-voltage droop coefficient (1e-3 to 5e-3, step: 1e-3). It can be seen that the terminal characteristic of inverter in low frequency range (1Hz-10Hz) is significantly affected by reactive power droop coefficient, while the dynamic characteristic in high-frequency range is slightly affected.
(2) The impact of voltage and current controller on terminal behavior.
To investigate the impact of voltage and current controller on terminal dynamic behavior, the frequency response and eigenvalue trace of inverter are shown in Fig. 4 and Fig. 5 , which shows the terminal characteristic of inverter as the increase of proportional gain of voltage controller. It can be observed that the proportional gain of voltage controller and current controller have dramatic effects on high-frequency performance of inverter (500 Hz-1000 Hz), and the eigenvalue trace of individual inverter also indicates the same effect in high-frequency range.
The impact of time delay on terminal behavior. Once time delay is considered, the terminal behavior will be dramatically affected. Fig. 6 shows the frequency response of individual inverter with the increase of sampling time. Fig. 6(a) shows the frequency response characteristic of inverter output admittance as the increase of sampling time. It can be seen that the time delay has an essential effect on high-frequency performance of inverter output admittance.
The frequency response obtained from Fig. 3-6 shows that the controller parameters in multiple control loops have different contributions on inverter terminal behavior in different frequency range.
C. Component Modeling of Power Network and Loads
The power network and loads as shown in Fig. 7 are modeled as individual components. The different inverter components are connected and coupled by power network. The state equations of the i-th line current and load current on the DQ frame could be represented as (23) and (24).
The linearized state equations of lines and loads can be given as (25)-(26) by linearizing (23)-(24).
In this work, virtual resistors are introduced between node and ground to simplify voltage equations [4] . The influence of the virtual resistor on the system stability will be analyzed later. Then, the node voltages can be represented on the common DQ frame as (27) and (28).
D. Algebra Interconnection of Components
The advanced merit of CCM is to combine different components by algebra interconnection, where only input-output relationship is concerned and the state matrix is reformulated in a computationally-efficient way.
The component model of the power network and loads are obtained by combining (27)- (28) as (29).
the vector of state variables of the network and loads,
Finally, the composite system model is formulated by combining (20), (21) and (29) as (30). 
Then, the interconnection relationship between component inputs and outputs can be given by combining (31) and (32) as (33).
The composite system model can be obtained by according to (30) and (33) as (34).
In the modeling procedure, each inverter component is connected to power system according to terminal characteristic, so that the system model can be extended easily as the increase of inverters and power loads.
IV. SMALL-SIGNAL STABILITY ASSESSMENT
The eigenvalues of state matrix (F) is able to indicate the stability and damping characteristic. In this work, the eigenvalue trajectory of state matrix is calculated to assess the small-signal stability in a wide frequency range caused by multiple control loops. The test system parameters are listed in Table I . Fig. 8(a) shows that the eigenvalue trace diagram of small signal model considering time delay of digital control system. It can be seen from Fig. 8(a) that the time delay has a dramatic effect on harmonic-frequency (8000 rad/s) oscillation modes. As the increase of proportional gains of inner controller, the harmonic-frequency modes move towards unstable region. In contrast, the eigenvalue trace diagram without considering time delay is shown in Fig. 8(b) , where the harmonicfrequency oscillation characteristic are far away from unstable region, which are not dominant poles and slightly affects system stability. Hence, the high-frequency oscillation modes caused by time delay fail to be observed by previous small signal models.
A. Low-Frequency Oscillation Assessment
An inverter-fed power system with 2 inverters is first modelled to perform low-frequency instability assessment. The effect of active power and reactive power droop gains on low-frequency oscillation is investigated in this section. Fig. 9(a) shows the low-frequency (20-70 rad/s) eigenvalue trace as the active power droop gain (m p ) of power controllers increases from 0.1e-3 to 3e-3. The oscillation modes will move toward the right-half plane (unstable region) as the increase of active power droop coefficients. It is apparent that the oscillation modes represent the dynamics of active power sharing among inverters. Also, Fig. 9(b) shows the low-frequency oscillation modes move towards the right-half plane (unstable region) as the increase of the reactive power droop coefficients.
B. High-Frequency Instability Assessment
Furthermore, the high-frequency (9000 rad/s) stability is assessed for the exemplified power system. Fig. 10(a) shows the eigenvalue traces of the composite model (34) when the proportional gain of voltage controllers increase. It can be seen that two complex-conjugate pairs dominate the high-frequency oscillation modes. These eigenvalues are highly sensitive to the proportional gain of voltage controller, where the modes represent the high-frequency dynamics. The eigenvalue analysis shows that the modes move towards the right-half plane (unstable region) as K pv increases. It can also be seen that the high frequency modes are sensitive to the parameters of the voltage controller. Fig. 10(b) shows the eigenvalue trace of high frequency modes when the proportional gain of current controller is Fig. 11 . The eigenvalue trajectory as the increase of virtual resistor (r n ) (600 < r n < 1000 ). within the range from 2 to 12, where the high frequency modes move towards the right-half plane as K pc increases. The system would be unstable if K pc is larger than 9.
As demonstrated in Section II, virtual resistors were introduced to define node voltages. In this section, the influence of virtual resistor on the system stability is investigated. Fig. 11 shows the eigenvalue trajectory as the increase of virtual resistor from 600 to 1000 . It can be observed that virtual resistors have an essential effect on the fundamental frequency oscillation modes (50Hz), and slightly affect the system stability. 
V. EXPERIMENTAL VERIFICATION
To validate the CCM-based small-signal stability analytical method, the experimental verification is performed. The photograph and configuration of test system is shown in Fig. 12 , and the system parameters are listed in Table I . Fig. 13 shows that the experimental results in low-frequency oscillation case when the active power droop gain (m p ) of the power controllers increase. Fig. 13(a)-(b) shows the output current of inverter1 and inverter2. Also, Fig. 13(c)-(d) shows the output power of inverter1 and inverter2, respectively. Fig.14 shows that the experimental results in the low-frequency oscillation case when the reactive power droop gain (n q ) of the power controller increases, where the output current of inverter1 and inverter2 is shown in Fig. 14(a)-(b) . Fig. 14(c)-(d) shows the output power of inverter1 and inverter2, respectively. Fig. 15 shows that the experimental results in the unstable case when the proportional gains (K pv ) of the voltage controller vary. The output current of the inverters and network voltages are depicted in Fig. 15(a)-(b) and Fig. 15(c)-(d) . It can be seen that the high-frequency oscillation happens, when the proportional gains (K pv ) of the voltage controllers are set as 0.056.
A. Low-Frequency Instability Assessment
B. High-Frequency Instability Assessment
On the contrary, the output current of the inverters and network voltages are stablized as shown in Fig. 16(a)-(b) and Fig. 16(c)-(d) after decreasing the proportional gains of the controllers. Fig. 17 depicts the experimental results in the unstable case, when the proportional gains (K pc ) of the current controller are in the unstable region. The output current of inverters and network voltages are depicted in Fig. 17(a)-(b) and Fig. 17(c)-(d) , respectively. It can be seen that high-frequency oscillation still happens, when the proportional gains (K pc ) of the current controller are set as 11. The results from the eigenvalue analysis agree with the experimental results. The simulation and experimental results, together with analysis results shown in Fig. 10 , indicate that the high proportional gains of inner control loops result in the harmonic-frequency oscillations. 
VI. CONCLUSION
This paper addresses a CCM-based modeling and small-signal stability analysis method for inverter-fed power system used in different frequency range. First, the power system is partitioned into different components, and each component is independently modeled. Then, all the component models are assembled to form a composite system model according to terminal interconnection relationship. The terminal characteristic of inverter is investigated by means of frequency response and eigenvalue trace analysis. Finally, an eigenvalue-based approach is proposed to assess lowfrequency and high-frequency instability, the influence of controller parameters on small-signal stability is assessed through the eigenvalue trace diagram. The analytical results show that both low-frequency and high-frequency instability may happen in inverter-fed power system, which indicates the parameters of multiple control loops have different contributions on instability phenomena in a wide frequency range. Experimental results are given for validating the proposed stability analytical method.
